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ABSTRACT: N95 respirator face masks serve as eﬀective physical barriers against
airborne virus transmission, especially in a hospital setting. However, conventional
ﬁltration materials, such as nonwoven polypropylene ﬁbers, have no inherent
virucidal activity, and thus, the risk of surface contamination increases with wear
time. The ability of face masks to protect against infection can be likely improved
by incorporating components that deactivate viruses on contact. We present a
facile method for covalently attaching antiviral quaternary ammonium polymers to
the ﬁber surfaces of nonwoven polypropylene fabrics that are commonly used as
ﬁltration materials in N95 respirators via ultraviolet (UV)-initiated grafting of
biocidal agents. Here, C12-quaternized benzophenone is simultaneously polymerized and grafted onto melt-blown or spunbond
polypropylene fabric using 254 nm UV light. This grafting method generated ultrathin polymer coatings which imparted a
permanent cationic charge without grossly changing ﬁber morphology or air resistance across the ﬁlter. For melt-blown
polypropylene, which comprises the active ﬁltration layer of N95 respirator masks, ﬁltration eﬃciency was negatively impacted from
72.5 to 51.3% for uncoated and coated single-ply samples, respectively. Similarly, directly applying the antiviral polymer to full N95
masks decreased the ﬁltration eﬃciency from 90.4 to 79.8%. This eﬀect was due to the exposure of melt-blown polypropylene to
organic solvents used in the coating process. However, N95-level ﬁltration eﬃciency could be achieved by wearing coated spunbond
polypropylene over an N95 mask or by fabricating N95 masks with coated spunbond as the exterior layer. Coated materials
demonstrated broad-spectrum antimicrobial activity against several lipid-enveloped viruses, as well as Staphylococcus aureus and
Escherichia coli bacteria. For example, a 4.3-log reduction in infectious MHV-A59 virus and a 3.3-log reduction in infectious SuHV-1
virus after contact with coated ﬁlters were observed, although the level of viral deactivation varied signiﬁcantly depending on the
virus strain and protocol for assaying infectivity.
KEYWORDS: antimicrobial coatings, antiviral ﬁlters, quaternary ammonium polymers, face masks, respirator masks

■

INTRODUCTION
The past two decades have been marked by multiple outbreaks
of severe respiratory illnesses caused by viral infection,
including COVID-19, MERS, and SARS. These illnesses are
hallmarked by their global spread and high infectivity.
According to the National Institute of Allergies and Infectious
Diseases, within three months after COVID-19 emerged,
nearly 1 million people had been infected and 50,000 people
had died.1 The rapid spread of COVID-19 also led to critical
shortages in personal protective equipment (PPE) for
healthcare workers, including N95 respirator masks capable
of ﬁltering aerosolized virus. These outbreaks have highlighted
the importance of face masks as barriers to the transmission of
airborne virus. The eﬃcacy of face masks in decreasing disease
transmission is not limited to N95, FFP2, or KN95-rated
masks (which are capable of ﬁltering out 95% of airborne
particles). Studies have shown that even a properly worn fabric
covering can signiﬁcantly arrest the forward motion of aerosol
droplets emitted by the wearer while coughing2 or provide
some ﬁltration eﬃciency.3 Similarly, the potential role of face
© 2022 The Authors. Published by
American Chemical Society

masks in improving public health is not restricted to highproﬁle pandemics, as seasonal inﬂuenza causes 12,000−61,000
deaths annually in the U.S.
While masks are an eﬀective barrier to airborne virus
transmission, commonly used mask materials are not
inherently able to deactivate viruses on contact. As a result,
the risk of contamination increases with wear time. Medical
PPE is thus intended as single-use items, with regular disposal
after each patient exposure, leading to a risk of shortage as well
as signiﬁcant environmental waste. This is particularly
problematic for respirator masks, which utilize melt-blown
polypropylene (mbPP) with an electret charge as the active
ﬁltration layer.4 Typically made by corona discharge applied
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Figure 1. Illustrative protocol of (A) UV-initiated grafting of QA1 and (B) physisorption of QA2 to melt-blown polypropylene (mbPP) or
spunbond polypropylene (sbPP) ﬁlters. (C) Schematic of UV-initiated benzophenone-mediated grafting and cross-linking of Compound QA1. (D)
Zeta potential of mbPP with and without grafted QA1 or physisorbed QA2 as characterized by streaming potential measurements.

surfaces with antiviral activity. Naturally occurring biopolymers, such as chitosan, are known to have broad spectrum
antimicrobial activity.32 Moreover, the potent antibacterial
activity of such amphiphilic polycations by membrane
disruption is well-documented.33,34 Such amphiphilic polycations have also demonstrated the ability to kill lipidenveloped viruses upon contact.35−37 For example, Haldar
and colleagues showed that branched or linear N,N-dodecyl
methyl-polyethylenimines (PEIs) derivatized with hydrophobic groups can yield a 4-log reduction of inﬂuenza virus
on contact within minutes.38,39 This virucidal activity was
attributed to surface-bound polycations rather than to those
leached from the surface. Similarly, amphiphilic polymers and
small molecules containing quaternary ammonium salts are
well-known biocidal agents that can kill bacteria and enveloped
viruses by membrane disruption.40−42 Recently, Kumaran and
colleagues developed a method for dip and spray coating face
mask ﬁlters with lignin molecules bearing quaternary
ammonium functionalities.43 Here, UV irradiation was used
to cross-link the coating and impart structural stability by the
addition of photosensitive methacrylates. When applied to
mbPP and sbPP ﬁlters, the coatings demonstrated up to 5-log
inactivation of PR8 inﬂuenza virus as well as human alpha and
beta coronaviruses. Interestingly, it was found that the coating
did not aﬀect the ﬁltration eﬃciency and pressure drop of
sbPP, although mbPP saw a substantial increase in pressure
drop after coating, presumably due to occlusion of the small
pore structure. Other promising antiviral polymer coatings
include N-halamines,44 amino-modiﬁed chitosans,45 polyphenols,46 and conjugated polymers.47
Considering the antiviral potency of amphiphilic polycations, we have developed a facile approach for covalently
attaching quaternized cationic amphiphiles to the ﬁber surfaces
of mbPP and sbPP ﬁltration media. This approach utilizes a
UV-active benzophenone moiety to simultaneously polymerize
and graft quaternized dimethylaminododecane onto bare
polypropylene. The use of benzophenone as a grafting agent
is well-suited for modifying ﬁltration media, which are typically
made from inert polyoleﬁns such as polypropylene, as its ability
to abstract hydrogen atoms from a donor occurs under mild
UV light that avoids excessive damage to the polymer
substrate.48 Work by the Locklin group previously showed
that antimicrobial cationic polymers with pendant benzophe-

during the mbPP fabrication process, this electret charge
enhances ﬁltration eﬃciency without increasing pressure drop
across the ﬁlter, thus playing a crucial role in maintaining
breathability.4 However, it is also prone to dissipation upon
exposure to organic and aqueous solvents, meaning that
respirator masks cannot be sterilized for re-use by standard
methods such as treating with steam or disinfectant
solutions.5,6
The ability of face masks to protect against infection can be
potentially improved by incorporating components that
deactivate viruses on contact without reducing the ﬁltration
eﬃciency. Here, a variety of additives and coatings for
application to postfabricated ﬁltration media have been
investigated. Of particular interest are metal nanomaterials
that can potentially exhibit virucidal behavior. For example,
copper exhibits broad-spectrum activity against bacteria and
viruses7−13 and can be incorporated into textile ﬁbers and
other polymer products.14−16 Borkow and colleagues successfully impregnated N95 respirator masks with CuO nanoparticles, demonstrating nearly ﬁve-log reduction of infectious
human inﬂuenza A virus (H1N1) and avian inﬂuenza virus
(H9N2) without altering the barrier properties of the PPE.17
More recently, Jung and colleagues showed that a thin copper
ﬁlm deposited onto spunbond polypropylene (sbPP) by
vacuum coating can reduce the amount of SARS-CoV-2 by
75% with a minor decrease in ﬁltration eﬃciency.18 Similarly,
Kumar and colleagues showed that a hybrid coating of shellac/
copper nanoparticles sprayed onto nonwoven polypropylene
surgical masks can deactivate SARS-CoV-2 virus by photothermal and photocatalytic eﬀects under solar illumination.19
Aside from copper, other inorganic materials recently
investigated for antiviral activity include zinc,20,21 silver,22−24
gold,25,26 graphene,27−29 and even NaCl.30 Recent studies have
furthermore demonstrated that light-sensitive iron oxide
nanoparticles embedded in polymer nanoﬁbers can cause cell
membrane permeabilization by photothermal eﬀects.31 However, one potential concern regarding the use of inorganic
materials, which are often applied as nanoparticles noncovalently attached to or embedded in ﬁlter ﬁbers, is their
adherence tenacity and potential inhaled toxicity in long-term
use.
As an alternative to inorganic nanomaterials, immobilization
of polycations is a promising approach toward endowing
25136
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Figure 2. SEM images of (A) uncoated virgin mbPP, (B) mbPP with grafted QA1, and (C) mbPP with physisorbed QA2. Top row shows low
magniﬁcation (1000×) while bottom row shows high magniﬁcation (5000×) views.

surface (Figure 1C). Coated ﬁlters are then sonicated in
acetone, a good solvent for QA1, to remove excess material
that did not successfully graft to the surface. It was observed
that coated mbPP samples became hydrophilic after QA
grafting. Second, to explore more simple methods of coating
application that can potentially be applied in an at-home
setting by end-users, we investigated simple physisorption of
QA2 to ﬁlter surfaces by immersing swatches in a dilute
solution of QA2 dissolved in isopropanol for 15 min, followed
by washing with excess isopropanol and drying of the ﬁlter
swatch in a convection oven.
To conﬁrm successful grafting of QA polymers, we
measured the zeta potential of the coated materials using
electrokinetic methods for assessing surface charge density
(i.e., streaming potential measurements) (Figure 1D). The zeta
potential of uncoated mbPP was −58.5 mV, which is
consistent with the negative zeta potential of most polyoleﬁns
because of preferential adsorption of hydroxyl ions at their
surfaces.50,51 The zeta potential of QA-coated mbPP, whether
by grafting or physisorption, was more positive, which is
consistent with the deposition of cationic compounds on the
surface. For covalently grafted QA1 on mbPP, a zeta potential
of 47.1 mV was measured, showing a complete charge
inversion compared to uncoated samples. X-ray photoelectron
spectroscopy (XPS) conﬁrmed the successful attachment of
QA1 by an increased Br signal (Figure S6). mbPP samples
with physisorbed QA2 had a zeta potential of −4.2 mV, which
is more cationic than uncoated samples but clearly indicates a
lower charge density compared to grafted coatings. This result
is consistent with the neutralization of attractive electrostatic
interactions between the negatively charged surface and the
cationic QA2, as well as the repulsion of the adsorbed cationic
charge to prevent further polyelectrolyte deposition.52 While
overcompensation (i.e., in this case, accumulation of positive
surface charge past the point of surface neutrality) is
commonly expected for polyelectrolyte adsorption, such an
eﬀect is generally facilitated by high polyelectrolyte concentration and molecular weight.53 Moreover, most polyelectrolyte
adsorption studies are performed in aqueous solvents, where
liberation of water molecules in a high free energy state at a
hydrophobic surface to a lower free energy state in bulk

none groups can be readily grafted onto a variety of polymer
surfaces, producing ultrathin nonleaching coatings with
excellent antibacterial activity,48 although viral deactivation
was not tested. Our work here demonstrates the ability of UVinduced benzophenone grafting chemistry to functionalize
mbPP and sbPP with a virucidal quaternary ammonium (QA)
coating. Notably, this QA coating does not cause gross changes
in the ﬁber structure nor aﬀect pressure drop across the ﬁlter.
Furthermore, the QA coating is able to maintain the ﬁltration
eﬃciency of sbPP ﬁlters, which when used as the outer
protective layer maintains the ability of N95 respirators to
meet the National Institute for Occupational Safety and Health
(NIOSH) 42 CFR part 84 certiﬁcation standards for ﬁltration
and breathability.49 We furthermore show that our QA coating
exhibits good broad-spectrum on-contact virucidal activity
against enveloped viruses as well as gram-negative and grampositive bacteria. Our coating strategy thus constitutes a viable
approach for extending the protection and usage lifespan of
respiratory PPE based on polyoleﬁn ﬁltration media.

■

RESULTS AND DISCUSSION
Application of Cationic Polymers. One challenge in
functionalizing ﬁltration media with biocidal molecules
containing quaternary ammonium salts is achieving a high
density of surface charge without disrupting the ﬁber structure,
which may impact ﬁltration eﬃciency and air permeability.
Generating such dense yet thin and conformal coatings is
nontrivial, particularly because some ﬁbers in mbPP (used as
N95 ﬁltration media) may be less than 1 μm in diameter.
Another challenge for covalently modifying ﬁltration media is
the chemical inertness of polypropylene, which does not
inherently have reactive groups for derivatization.
We investigated two methods of modifying mbPP and sbPP
with QA coatings (Figure 1A,B). First, we covalently grafted
QA1 to ﬁber surfaces by drop-casting solutions of QA1 in
acetone onto ﬁlter swatches, then exposing both sides of the
ﬁlter swatch to 254 nm UV light to initiate benzophenone
cross-linking. Here, the ability of benzophenone to abstract
hydrogen atoms from aliphatic C−H groups and form C−C
bonds under mild UV irradiation results in simultaneous
polymerization and grafting of QA1 onto the polypropylene
25137
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Figure 3. (A) FE and PD across full N95 masks with and without grafted QA1 or physisorbed QA2. FE and PD values are additionally given for
uncoated N95 masks layered with a sheet of QA1-grafted sbPP. (B) FE and PD results for single-ply N95-grade mbPP with and without grafted
QA1 or physisorbed QA2. Results are compared against exposure to acetone and isopropanol without QA. Measurements are performed in
triplicate, and error bars represent standard deviations from the mean.

solution provides a thermodynamic driving force.54 Overcompensation is likely not observed in our physisorbed system
because of our low polyelectrolyte concentration and use of
isopropanol as a solvent.
Surprisingly, grafting eﬃciency was lower on sbPP compared
to mbPP (Figure S7). The zeta potential of uncoated sbPP was
−63.8 mV, which shifted to +37.2 mV after covalent grafting of
QA1. This positive zeta potential was maintained even after
autoclaving, showing stability in aqueous environments and
elevated temperatures commonly used for disinfection.
However, the zeta potential of QA1-grafted sbPP decreased
noticeably after exposure to a nonionic surfactant (0.1%
Tween 20) or to 70% ethanol (Figure S7), suggesting that a
signiﬁcant amount of QA1 polymer was not covalently grafted
to the ﬁber surface. Decreased the grafting eﬃciency on sbPP
may be attributed to slight diﬀerences in surface chemistry
compared to mbPP, which has been treated by corona
discharge during manufacturing to generate electret charges.
XPS results showing that mbPP has a greater O content than
sbPP support this hypothesis (Figure S6). Given these results,
further optimization steps, such as pretreatment via exposure
to acid or high energy irradiation, are needed to increase the
density and stability of grafted QA coatings on sbPP.
The eﬀect of grafted and physisorbed QA coatings coating
on mbPP and sbPP ﬁlter structures was visualized by scanning
electron microscopy (SEM) (Figures 2 and S8). Samples were
imaged without sputter coating to better preserve surface
morphology. Neither covalent grafting of QA1 nor physisorption of QA2 yielded gross observable changes in the ﬁber
diameter or density, although some changes in the surface
texture were seen, indicating polymer buildup in some areas.

Filtration Eﬃciency and Pressure Drop. Various face
masks and respirators used as PPE are subject to diﬀerent
regulatory standards depending on their intended application.
For example, surgical masks provide a physical barrier to ﬂuids
and large particulate materials and must meet speciﬁc ﬂuid
protection and ﬂammability requirements.55,56 However,
surgical masks are not expected to protect against aerosolized
particles, and they are primarily constructed from nonwoven
(e.g., spunbond) polypropylene, which does not provide high
ﬁltration eﬃciency (FE). In contrast, air purifying respirators
include a layer of electret mbPP that provides high FE. For
example, N95 and FFP2 masks must ﬁlter at least 95% of
airborne particles and provide suﬃcient breathability under
stringent conditions set forth in their certiﬁcation standards.49
The need to maintain FE above 95% and acceptable air
permeation, as measured by pressure drop (PD) across the
ﬁlter, presents a particular challenge when chemically
modifying ﬁlter surfaces. While large particles are blocked by
sieving, impaction, and interception mechanisms, the ﬁltration
of nanoscale particles substantially smaller than the ﬁlter mesh
size relies on particle diﬀusion and adhesion to ﬁber surfaces.
Thus, high FE ﬁltration media typically bear semipermanent
electret charges to promote particle adhesion. However, this
charge is susceptible to disruption upon solvent exposure.
To characterize the FE and PD of our QA-coated materials
against uncoated (NIOSH-certiﬁed) materials, we utilized a
protocol intended to approximate NIOSH standard procedures
for certifying N95 respirator masks. For example, similar
preconditioning treatments and NaCl aerosol size distributions, as described in the NIOSH procedure, were used. Some
modiﬁcations were made to accommodate a smaller sample
size and available equipment (Table S1 and Figure S3).
25138
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Figure 4. (A) Bacterial growth on culture plates after QA1-coated mbPP and virgin mbPP swatches exposed to E. coli were pressed against plates.
Swatches were eluted prior to contact with plates to qualitatively assess the amount of live bacteria that remained bound after elution. (B) Live E.
coli eluted from QA1-coated mbPP and virgin mbPP swatches as quantiﬁed by colony counting.

Speciﬁcally, 2.2 cm diameter disks (3.8 cm2 active ﬁltration
area) were used instead of full-size N95 masks (150 cm2). The
aerosol ﬂow rate was adjusted to maintain a similar 9.4 cm/s
face velocity as described in the NIOSH procedure.
Furthermore, rather than using a photometric detection
system, particle detection and counting was performed using
a condensation particle counter and diﬀerential mobility
analyzer, which can resolve FEs for particles as a function of
their mobility diameter (Figure S9). These protocol modiﬁcations generate results that vary slightly from oﬃcial
NIOSH tests. In our testing conditions, certiﬁed N95 ﬁlters
typically measure between 90−95% FE, although samples with
slightly less than 90% FE may also pass NIOSH certiﬁcation. It
should additionally be noted that cycle ﬁltration tests57 for
long-term performance are not required for NIOSH
certiﬁcation and were not performed in our work presented
here. However, such investigations would be an important
topic for future study.
The FE of a single-ply mbPP layer without a QA coating was
measured to be 72.5% +/− 6.5% (Figure 3). In N95 masks, at
least two layers of mbPP are typically used to provide suﬃcient
ﬁltration, with the FE of a double layer readily calculated via
the following equation:

FE and DP were also measured for QA coatings applied to
full N95 masks, which consist at least two mbPP layers
sandwiched between exterior and interior nonwoven polypropylene layers (typically spunbond). Results mirrored those
seen with single-ply samples, where both grafted and
physisorbed QA showed decreased FE compared to controls
(Figure 3). PD also decreased slightly, suggesting possible
bundling or aggregation of ﬁbers in one of the layers during
coating, although this result does not negatively impact
breathability. These results indicate that QA coatings cannot
be applied to whole N95 masks as a postfabrication
modiﬁcation. One viable strategy to overcome the impact of
coating on the FE of N95 masks is to separately coat sbPP,
which is then worn as an additional layer on over an N95 mask.
Measurements conﬁrm that this arrangement maintains the FE
and PD of N95 masks, indicating no negative impacts of
ﬁltration or breathability. Another potent strategy is to utilize
coated sbPP as the exterior layer of an N95 mask during
fabrication. We obtained an FE of 99.7% for a prototype N95
mask made using QA1-grafted sbPP. While this approach
cannot be easily implemented by an end user, it can be a valueadded step for manufacturers.
Antibacterial Activity. Benzophenones bearing a pendant
cationic surfactant have been covalently grafted to polyoleﬁn
surfaces, which thereby confers on-contact, nonleaching
biocidal activity.59 The cationic surface is generally thought
to electrostatically attract negatively charged cell membrane
components, whereas the hydrophobic groups may insert into
the nonpolar membrane core, causing membrane disruption
and cell death.60,61 Other plausible antibacterial mechanisms
have also been discussed.62 As a preliminary experiment, we
ﬁrst conﬁrmed that mbPP ﬁbers with grafted QA1 could
indeed exert bactericidal activity (Figure 4). To that end,
swatches of QA1-grafted mbPP were incubated with a
suspension of E. coli in MH broth at 37 °C for 2 h, and
then, any live cells were eluted with excess buﬀer. Aliquots
were analyzed by streaking onto agar plates and colony
counting, which revealed a 3.7-log reduction in the number of
viable cells (99.96% killing) relative to the uncoated control
(Figures 4B and S10). The swatches were then gently pressed
onto agar to transfer any viable live cells remaining bound on
the surface (Figure 4A). The coated swatches transferred less
than 10, and in some cases zero, E. coli colonies to the agar
plate, whereas the uncoated control sample transferred a dense,
uncountable lawn of colonies that is visually consistent with
the ﬁnding of >3 log reduction. Similar results were obtained

FEdouble = 1 − (1 − FEsingle)2

Thus, the FE of a double layer of unmodiﬁed mbPP is
92.4%, which is consistent with the expected performance of
electret mbPP used for N95 applications. The FE of single-ply
QA1-coated mbPP decreased to 51.3 +/− 7.8%, while the FE
of single-ply QA2-coated mbPP decreased to 54.2 +/− 0.3%.
This FE decrease can be attributed to exposure to organic
solvents used in the coating process (acetone for grafting,
isopropanol for physisorption), as mbPP exposed to the
solvent only showed similar FE. PD across the ﬁlters was not
signiﬁcantly changed for coated or solvent exposed materials
compared to the virgin mbPP control (Figure 3), indicating
that breathability is not negatively impacted. Thus, it is likely
that the FE change does not result from ﬁber structure
disruption, a conclusion which is supported by SEM imaging.
Rather, solvent exposure likely screens or dissipates the electret
charge, which has been shown to signiﬁcantly impact FE.5,58
Although our QA polymers are cationic, this permanent
polyelectrolyte charge was insuﬃcient to compensate for the
loss of electret charge.
25139
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Figure 5. (A) Imaging of host cells infected by ﬂuorescent lentivirus as a method for assessing viral deactivation. (B) Log reduction of infectious
lentivirus particles after exposure to mbPP with and without grafted QA1 or physisorbed QA2. Limit of detection (LOD) represents the maximum
log reduction detectable because of background GFP ﬂuorescence. (C) Virus titer (per mL) of MHV-A59 virus stocks after exposure to mbPP with
and without QA1 or physisorbed QA2. (D) Log reduction of SuHV-1 and (E) HCoV viruses as quantiﬁed by an MTT-based assay for host cell
metabolic activity. Washing with PBS and elution with 1% BSA are reported separately to provide insight on the extent of viral particle binding to
ﬁlters.

using gram-positive S. aureus, which showed a >2 log reduction
in the number of viable cells eluted from QA1-grafted mbPP.
No viable cells remained bound on QA1-grafted mbPP (Figure
S11A). Thus, we can conclude that the fabrics exert on-contact
broad-spectrum bactericidal activity.
We expect QA1 to be covalently bound to the mbPP ﬁbers
with minimal leaching. We veriﬁed this assumption by placing
swatches of QA1-grafted mbPP onto lawns of S. aureus
immediately after streaking on nutrient-rich agar plates. After
overnight incubation at 37 °C, no zone of inhibition was
observed around the QA1-grafted mbPP (Figure S11B),
indicating that no leaching of the bactericidal quaternary
ammonium compound occurred. This ﬁnding is consistent
with previous literature, conﬁrming the covalent nature of the
benzophenone grafting chemistry.48
Antiviral Activity. Our primary goal of this work was to
study the antiviral activity of QA-coated mbPP ﬁbers, which
may diﬀer mechanistically relative to antibacterial activity.
Although many examples of cationic and hydrophobic
peptides, or synthetic polymers, can be designed to speciﬁcally
target bacterial membranes selectively over other membrane
types, the more intensely hydrophobic cationic surfactants
(such as the C12-functionalized QA groups employed in this
work) usually exert membrane lysis indiscriminately.63 Thus,
we hypothesized that cationic surfactants would also nonspeciﬁcally disrupt the integrity of the lipid bilayer on
enveloped viruses. The ability of grafted QA1 and physisorbed
QA2 coatings to deactivate viruses on contact was tested
against several model enveloped viruses with biological
relevance to those known to cause respiratory illness in
humans. We also explored multiple methods for quantifying
viral inactivation and infectivity, as various assay techniques
reported in the literature can signiﬁcantly diﬀer in sensitivity
and ease of implementation. Additionally, viral inactivation is

often sensitive to environmental factors and choice of virus
strain. For example, recent studies have found that the eﬃcacy
of low-pH viral inactivation depends on the virus strain and the
buﬀering agent used.64
First, we examined viral deactivation using a transgenic
lentivirus encoding enhanced green ﬂuorescence protein
(GFP). Although this lentivirus is nonpathogenic, it serves as
a useful model for our infectivity studies, as it was engineered
to be a highly infectious vector. Infected cells can be easily
identiﬁed using ﬂuorescence microscopy. Moreover, the size of
this lentivirus (80−100 nm) and its lipid bilayer envelop make
it a reasonable approximation for coronaviruses and inﬂuenza
viruses in our studies. To test the on-contact viral deactivation
of QA-coated mbPP compared to bare mbPP, 0.1 mL of
lentivirus stock solution was applied to samples, incubated for
1 h, and eluted by gentle agitation. The eluate was then used to
infect host cells, the number of infectious virus particles can be
simply quantiﬁed as the number of GFP-positive host cells
(Figure 5A). Results from this assay suggested that both
grafted and physisorbed QA coatings exhibit modest virucidal
activity, with the grafted coating demonstrating a 1.7-log
reduction in infectious virus particles (Figure 5B). A 0.8-log
reduction was seen for the uncoated mbPP, which likely
indicates some virus remained bound to the ﬁlter material even
after elution. While this ﬂuorescence-based approach for
measuring infectivity is simple to implement and provides
quantitative results without user bias in assessing host cell
health, a notable disadvantage is the low limit of detection
(2.2-log reduction) because of the background ﬂuorescence of
uninfected cells. Considering the relatively large standard
deviation of the results, it is likely that the virucidal
performance of QA-coated materials is underestimated by
this assay. Furthermore, because viral stock solutions were not
allowed to dry after application to ﬁlter samples, some particles
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may have remained suspended in solution without contacting
the QA coatings, which would also lower the apparent virucidal
activity.
Virucidal activity was also assessed using a TCID50 assay,
which is a commonly used method to quantify the number of
infectious viral units per volume of a solution, also known as a
titer. Here, the virus titer is the inverse of the ID50 value,
which is the dilution of a virus-containing solution required to
infect 50% of a culture based on observing cytopathic eﬀects,
divided by the inoculum volume. For this assay, we used
MHV-A59 murine hepatitis virus, which is an enveloped
mouse coronavirus in the same genus as human coronaviruses
such as SARS-CoV and SARS-CoV-2.65 To maximize the
contact of viral particles with the surface of ﬁlter ﬁbers, viral
stock solutions were deposited in multiple small 2 μL aliquots
and allowed to dry before the elution step. This protocol more
closely mimics aerosol exposure, which involves droplets with
picoliter volumes that are expected to dry rapidly. A 4.3-log
reduction in virus titer was seen on mbPP with grafted QA1
coatings compared to bare mbPP (Figure 5C). Physisorbed
QA2 did not show any virucidal activity, which is consistent
with zeta potential results, suggesting that less polymer is
deposited on the surface through physisorption. Similar trends
in virucidal activity were observed for QA-coated sbPP (Figure
S12).
We further assessed the virucidal activity of QA-coated ﬁlters
using a colorimetric MTT assay for infectivity.66 Whereas the
TCID50 assay is performed by visually inspecting the
cytopathic eﬀects of viral infection on host cell morphology,
this MTT assay quantitatively measures host cell metabolic
activity. Similar to the TCID50 assay protocol, viral stocks
were applied to coated and bare mbPP and sbPP in multiple
small droplets (5 μL each) and allowed to dry. The samples
were then gently washed with a small volume of phosphate
buﬀer to remove unbound virus, and then vortexed vigorously
in a larger volume of buﬀer containing 1% bovine serum
albumin (BSA) to elute bound virus. The infectivity of both
wash and elution steps were characterized. SuHV-1, a model
enveloped virus, and HCoV 229E, a human coronavirus
capable of causing respiratory infections in humans, were used
in these studies.
For SuHV-1, QA1-grafted mbPP samples showed 3.7-log
reduction and 3.3-log reduction for the wash and elution steps,
respectively (Figure 5D). Here, a high log reduction for the
wash step indicates a low viral titer, suggesting that the
majority of virus particles bound to the ﬁlters as intended. Bare
mbPP and mbPP with physisorbed QA2 showed no virucidal
activity. For HCoV 229E, a 2.2-log reduction and 2.3-log
reduction were seen for QA1-grafted mbPP (Figure 5E).
However, bare mbPP and physisorbed QA2 samples both
demonstrated relatively high log reduction values, even in the
wash step, which suggest the inability to elute the virus from
the ﬁlters. The previous literature has also reported this
nonspeciﬁc binding as a common problem with some
enveloped viruses because of their sticky nature,67 which
makes our assessment of virucidal activity using HCoV 229E
more challenging. Interestingly, grafted and physisorbed sbPP
samples showed minimal reduction of infectious virus particles
(Figure S13). This ﬁnding is consistent with zeta potential
results showing that the application of the QA polymer was
less successful on sbPP compared to mbPP. The use of
isopropanol to sterilize the ﬁlters prior to applying the viral
stock likely further removed the QA polymer. This eﬀect was

not seen in the TCID50 tests as isopropanol was not used to
sterilize the samples before exposure.
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■

CONCLUSIONS
We have shown a simple method for functionalizing meltblown and spunbond polypropylene ﬁlters with on-contact
virucidal activity by UV-induced grafting of an amphiphilic
quaternary ammonium polymer. This method does not need
to be implemented as an added step in the manufacturing
process of nonwoven polypropylene as it can be applied
postfabrication to existing ﬁlter and mask stocks. The UVgrafted coating does not change the ﬁber structure of ﬁlter
materials but does endow ﬁber surfaces with a cationic charge.
As a result, coated materials demonstrate bactericidal activity
and virucidal activity, likely through a membrane disruption
mechanism. Viral deactivation ranges from 1.7-log to 4.3-log
reduction values, depending on the assay protocol and the
virus strain used. Melt-blown polypropylene was more
successfully coated than spunbond polypropylene because of
diﬀerences in surface chemistry between the two starting
materials, and further optimization is needed to produce dense,
stable coatings on spunbond ﬁlters. Breathability was not
impacted by the grafted coating, although the solvents used
during the coating process negatively impacted ﬁltration
eﬃciency for N95-rated melt-blown polypropylene. Thus,
our grafted coatings should not be applied to whole N95
respirator masks. However, viable alternative strategies,
including wearing coated ﬁlters over N95 masks or fabricating
N95 masks using coated material as an exterior layer, can
provide high ﬁltration eﬃciency and antiviral activity.

■

METHODS

Materials. Polymer Synthesis and Coating. The reagents 4(bromomethyl)benzophenone (96%), N,N-dimethyldodecylamine
(97%), poly(4-vinyl pyridine) (Mw ∼ 60 kDa), and 1-bromododecane
(97%) were purchased from Millipore Sigma and used as received.
Isoamyl alcohol (FG, >98%), acetonitrile (HPLC, >99.8%), and
ethanol (anhydrous 200 proof) were purchased from Millipore Sigma
and used as received. Isopropyl alcohol (natural >98%) was purchased
from Millipore Sigma. Potassium chloride (P9333, BioXtra ≥99.0%)
was purchased from Sigma-Aldrich. Sodium hydroxide was purchased
from ThermoFisher Scientiﬁc. Ultrapure water (resistivity ∼18.2
MΩ) was obtained using a WaterPro BT water puriﬁcation system
(Labconco). N95-rated mbPP ﬁltration media was kindly gifted by
Hills Incorporated (West Melbourne, FL), and 25 g/m2 sbPP (WPT
P2500D) was kindly gifted by the Advanced Functional Fabrics of
America (AFFOA, Cambridge, MA).
Antibacterial Assay. Escherichia coli (ATCC 25922) was purchased
as a lyophilized powder from the American Type Culture Collection
(ATCC, Manassas, VA). Muller-Hinton (MH) broth, agar, and
phosphate buﬀered saline (PBS) were purchased from MilliporeSigma.
Lentivirus Deactivation. Human embryonic kidney cells
(HEK293T; ATCC CRL-3216) and human lung adenocarcinoma
cells (A549; ATTC CCL-185) were purchased from ATCC.
Dulbecco’s modiﬁed Eagle medium (DMEM; Gibco Lot #11995),
heat-inactivated fetal bovine serum (HI-FBS; Hyclone Lot
#SH0066.03), and penicillin−streptomycin (Gibco Lot #15140)
were purchased from Thermo Fisher Scientiﬁc. Lentivirus stocks
were generated using psPAXS2 (Addgene #12260, gifted by Didier
Trono) and pMD2.G (Addgene #12259, gifted by Didier Trono)
plasmids purchased from Addgene. Plasmids encoding enhanced
green ﬂuorescent protein (pLV-EGFP) were also purchased from
Addgene. A Retro-X Concentrator kit was purchased from Clontech
631455 for concentrating viral stocks.
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Mouse Coronavirus Deactivation. CCL 9.1 mouse liver cells and
murine hepatitis virus (MHV-A59; ATCC V-765) were purchased
from ATCC. NCTC 135 media, ﬁbronectin (1 mg/mL solution),
fetal bovine serum, and Hanks’ balanced salt solution (HBSS) were
purchased from Millipore-Sigma.
Human Coronavirus and Suid Herpesvirus Deactivation. Human
coronavirus 229E (HCoV 229E, NIH: NR-52726) was obtained from
BEI Resources (NIAID). Human lung ﬁbroblast (MRC-5, ATCC
CCL-171), Suid herpesvirus 1 strain Aujeszky (SuHV-1, ATCC VR135), and Vero cells (ATCC CCL-81) were obtained from ATCC.
MTT salt (2-(3,5-diphenyltetrazol-2-ium-2-yl)-4,5-dimethyl-1,3 thiazole bromide) was obtained from Alfa Aesar. Cells were grown in
Eagle’s minimum essential media (EMEM) supplemented with 1% v/
v penicillin−streptomycin and 10% v/v FBS at 37 °C with 5% CO2
and 100% humidity.68
Polymer Synthesis and Characterization. N-(4-Benzoylbenzyl)-N,N-dimethyldodecan-1-aminium bromide (QA1). The C12quaternized benzophenone QA1 was prepared in accordance with the
literature precedent59 with minor modiﬁcations (Scheme 1). In a 100

Covalent Grafting to Filtration Media. Compound QA1 was
dissolved in acetone (10 mg/mL), and an aliquot (150 μL) was dropcast onto each swatch (25 × 25 mm2) of mbPP. After solvent
evaporation, swatches were irradiated under a UV lamp (6 W, 254
nm) for 10 min per side (Figure 1). Swatches were then sonicated in
excess acetone for 10 min to remove unbound material from the ﬁber
surfaces and dried under vacuum for 1 h. The same procedure was
followed for sbPP substrates.
Physisorption to Filtration Media. Compound QA2 was dissolved
at 1 mg/mL in isopropanol, and mbPP and sbPP substrates were fully
immersed in the solution for 15 min at room temperature on a 60 rpm
orbital shaker. The substrates were then washed by dipping in three
sequential baths containing clean isopropanol for at least 30 s each
and dried in a convection oven at 70 °C for 1 h.
Zeta Potential Measurement. Surface zeta potential of coated and
uncoated ﬁlters was measured using a commercial electrokinetic
analyzer (SurPASS3, Anton Paar GmbH, Austria). Two 20 × 10 mm2
swatches were cut and ﬁxed onto both sides of the rectangular planar
sample holders of a SurPASS adjustable gap cell using double-sided
polyester tape (#4965, Tesa Tape Inc., Charlotte, NC). Before each
measurement, the samples were rinsed three times with the working
electrolyte solution. For each coating, three streaming voltage
measurements were collected, followed by three streaming current
measurements. All measurements were performed at 22 °C. The gap
distance was kept constant and equal to ∼100 μm. The electrolyte
solution was prepared by dissolving KCl (10 mM) in ultrapure water,
and the pH was kept at ∼7.4 using 50 mM NaOH.
X-ray Photoelectron Spectroscopy. Samples were cut with
standard scissors to approximately 2 × 5 mm2 and mounted under
a Mo mask on a 1-inch PHI sample holder. The system was pumped
to a base vacuum pressure of approximately 5 × 10−7 Torr. The PHI
neutralizer system was also used, bringing the base pressure to
approximately 3 × 10−6 Torr due to the Ar ion gun. For
measurement, a beam of 100 μm diameter with 25 W power was
rastered over an area of 500 × 500 μm2.
Scanning Electron Microscopy. SEM was used to study the eﬀect
of coatings on the ﬁber surface morphology. Samples were prepared
by cutting a small (approximately 5 × 4 mm2) section of coated and
uncoated mbPP and sbPP using scissors, and then mounting the cut
section on double-sided carbon conducting tape placed over Al stubs.
All tools for cutting and handling were cleaned with isopropanol prior
to each use. During imaging, areas at the sample edges as well as the
areas where the material was handled with tweezers were avoided.
Samples were imaged without sputter-coating to ensure accurate
assessment of ﬁber surfaces. A ﬁeld emission SEM (Versa 3D Focused
Ion Beam-SEM, Thermo Fisher Scientiﬁc) was used for imaging. The
images were collected in low-vacuum mode to facilitate imaging of
uncoated samples, with partial pressure in the range of 140−160 Pa.
Low accelerating voltage (2 kV) and 4.5−5 mm sample working
distance were used. Images were obtained using a low-vacuum
secondary electron detector (LVSED).
FE and PD Testing. The FE and PD testing procedure used
approximates NIOSH Procedure No. TEB-APRSTP-0059 rev. 3.2
“Determination of Particulate Filter Eﬃciency Level for N95 Series
Filters Against Solid Particulates for Non-Powered, Air-Purifying
Respirators Standard Testing Procedure (STP)”, which meets the
minimum certiﬁcation standards set forth in 42 CFR, Part 84, Subpart
K, §84.181 “Non-Powered Air-Purifying Particulate Respirators” and
to NIOSH Procedure No. TEB-APR-STP-0007 rev. 2.3 “Determination of Inhalation Resistance Test, Air-Purifying Respirators
Standard Testing Procedure (STP)”, which meets the minimum
inhalation resistance requirements of 42 CFR, Part 84, Subpart K,
§84.180 “Airﬂow resistance tests”. Signiﬁcant modiﬁcations (Table
S1) to these NIOSH procedures were made to accommodate
equipment conﬁguration (Figure S3) and are described as follows:
samples were cut to 2.2 cm diameter discs (active area is 3.8 cm2) and
were preconditioned at 38 °C with 85 ± 5% relative humidity for at
least 20 h. FE was tested using a neutralized, Boltzmann equilibrated
NaCl aerosol with 75 ± 20 nm particle size (count median diameter)
at a concentration of approximately 10 mg/m3 and a ﬂow rate of

Scheme 1. Synthesis of Compound QA1

mL bomb ﬂask, 4-(bromomethyl)benzophenone (1 g, 3.6 mmol) and
N,N-dimethyldodecylamine (0.75 g, 3.6 mmol) were dissolved in
isoamyl alcohol (10 mL), and a magnetic stir bar was added. The
vessel was tightly sealed with a Teﬂon screw cap equipped with a
viton O-ring and heated to 95 °C in an aluminum heating block, upon
which the turbid suspension became optically clear. After stirring for
24 h, the vessel was cooled to room temperature, and the solution was
concentrated under reduced pressure to a yellow, viscous oil that
slowly solidiﬁed to a waxy solid upon standing at −20 °C for 1 h. The
waxy solid was dissolved in a minimum amount of methylene chloride
(∼1 mL) and recrystallized by slow addition of a hexane/ethyl acetate
mixture (2:1 v/v). Solids were obtained by vacuum ﬁltration and
washed with excess cold hexanes. Upon drying in vacuo for 18 h, the
pure product was obtained as a white solid (1.6 g, 88% yield). The 1H
NMR spectra (Figure S1) is in accordance with the literature.59
Poly(1-dodecyl-4-vinyl pyridinium bromide) (QA2). Compound
QA2 was prepared according to the literature precedent69 with minor
modiﬁcations (Scheme 2). The polymer poly(4-vinyl pyridine), Mn =

Scheme 2. Synthesis of Compound QA2

(1.3 g, 12.3 mmol pyridine units) and 1-bromododecane (3.6 mL,
14.8 mmol) were dissolved in acetonitrile (5 mL) and ethanol (2 mL)
in a 25 mL round bottom glass ﬂask equipped with a magnetic stir bar
and attached to a cold water reﬂux condenser. The clear yellow
solution was heated to reﬂux for 96 h. Upon cooling to room
temperature, the solution was concentrated under reduced pressure to
yield a viscous brown oil that solidiﬁed upon standing. The crude
material was dissolved in hot ethanol (5 mL) and precipitated by
dropwise addition into cold acetone (20 mL) with rapid stirring. The
precipitate was collected by centrifugation, and the process was
repeated twice to obtain a white powder (3.0 g, 63% yield). The 1H
NMR spectra (Figure S2) result is in accordance with the literature.69
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approximately 2.0 L per minute (9.6 cm/s equivalent face velocity).
Testing was performed at approximately 22 °C and 11% relative
humidity for 15 min. Particles were sized and counted using a
diﬀerential mobility analyzer (TSI 3081) and condensation particle
counter (TSI 3775), respectively. A schematic of the full setup is
presented in Figure S3. Conditions varied slightly between samples
and are individually summarized in Table S2. Triplicates of each
sample were measured.
Fabrication and Testing of N95 Mask with a Coated Material.
N95-style respirator masks were fabricated using coated material for
FE testing. Here, sbPP with UV-grafted QA1 was stacked as the
outermost layer (furthest away from the mask wearer), with an
unmodiﬁed mbPP ﬁltration layer in the middle and another
unmodiﬁed sbPP as the innermost layer (against the skin of the
mask wearer). These three layers were laser cut and ultrasonically
welded together, and elastic straps and an adhesive nose bridge were
added to form the ﬁnal mask (Figure S4). FE of this constructed mask
was measured exactly following NIOSH Procedure No. TEB-APRSTP-0059 Rev. 3.2 using a TSI Model 8130A Automated Filter
Tester.
Antibacterial Assay. The on-contact antibacterial activity of coated
ﬁltration media was investigated using the colony-counting method
on nutrient-rich agar. First, swatches (25 × 25 mm2) of mbPP, with
and without a UV-grafted coating of QA1, were sterilized with 70%
ethanol (200 μL) for 10 min, followed by washing with sterile
deionized water (3 × 200 mL), to yield prewetted starting swatches. It
should be noted that dried mbPP swatches are hydrophobic, whereas
prewetted swatches readily absorb assay media. The prewetted mbPP,
both coated with QA1 and uncoated controls, were inoculated with
an aliquot (100 μL) of ∼5 × 106 CFU/mL E. coli stock in PBS for 2 h
at 37 °C. After the incubation time, PBS (0.8 mL) was added and
incubated for 10 min with orbital shaking to elute out any live
bacteria. Then, serial 10-fold dilutions were streaked onto MH agar
plates for colony counting (using a 20 μL aliquot from each of the
10×, 100×, and 1000× dilutions). To quantify live bacteria remaining
on the ﬁlters after elution, the wet swatches were then placed directly
onto agar plates with no dilution, incubated for 10 min, and then
removed. All agar plates were incubated at 37 °C overnight. The log
reduction in viable E. coli, relative to the uncoated control, was
calculated from colony counting on the agar plates. Coated and
uncoated samples were measured in triplicate. The same procedure
was followed using Staphylococcus aureas, a gram-positive bacteria,
except that the cell concentration applied was 5 × 105 CFU/mL.
Nonleaching Assay. A lawn of S. aureus was streaked onto
nutrient-rich agar plates at ∼106 CFU, and a swatch of QA1-coated
mbPP was placed immediately on top of the lawn. The plate was
incubated overnight at 37 °C, and optical imaging was used to
examine the margins of the mbPP swatch for a zone of inhibition.
Fluorescent Lentivirus Deactivation. HEK293T human embryonic kidney cells and A549 human lung adenocarcinoma cells were
maintained at 37 °C with 5% CO2 in DMEM supplemented with 10%
HI-FBS and 100 U/mL penicillin−streptomycin. Lentivirus stocks
were generated by transfecting HEK293T cells with secondgeneration LV plasmids encoding enhanced green ﬂuorescent protein
(pLV-EGFP), followed by collecting and concentrating the lentivirus
48 and 72 h post-transfection. Lentivirus stocks were concentrated
with a Retro-X Concentrator kit (Clontech 631455), aliquoted for
single use, and stored at −80 °C until further use.
Coated and uncoated samples were cut to 25 × 25 mm2 square
swatches, sterilized by immersing in 70% isopropanol for 5 min, and
rinsed with tissue culture grade deionized water immediately prior to
performing deactivation assays. In order to maintain wettability, the
swatches were kept immersed in water and not allowed to dry out
before exposure to lentivirus solutions. Active lentivirus stocks were
diluted to 2 × 107 virus particles per mL in DMEM, and 0.1 mL of
this working solution was spiked directly onto each sample swatch.
Samples were incubated protected from light at room temperature for
1 h. Then, virus particles were eluted by adding 1.5 mL of DMEM
supplemented with 1.5% HI-FBS and gently shaking for 15 min. A 10fold dilution series was made using each eluate solution, and 60 μL of

each dilution was transferred, in duplicate, to A549 cells cultured to
conﬂuency in 96-well plates. The plates were incubated at 37 °C, 5%
CO2 for 48 h before ﬁxing with 4% paraformaldehyde, treated with
4,6′ diamidino-2-phenylindole (DAPI) nuclear stain for 15 min, and
imaged with a ThermoScientiﬁc Cellomics ArrayScan XTI highcontent ﬂuorescent microscope. Biological triplicates were performed
for each coating type, as well as for the uncoated control. The number
of infectious virus particles recovered per sample was calculated by
overlaying the DAPI and GFP channels and counting the number of
cells (based on DAPI staining) associated with a GFP signal using the
ArrayScan software. Uninfected host cells were similarly imaged to
determine the level of background GFP signals, which was considered
the LOD for this assay. As a positive control to assess lentivirus
stability, working lentivirus solution was incubated without exposure
to coated or uncoated samples before infecting host cells. To avoid
confounding results due to the infection of a host cell by multiple viral
particles, the number of infectious particles was calculated using the
eluate dilution that provided closest to but not more than 40% GFPpositive cells. Log reduction values (LRV) for samples exposed to
uncoated material, grafted, and physisorbed QA compared to positive
controls were calculated as follows:
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Mouse Coronavirus Deactivation. MHV-A59 virus and CCL 9.1
mouse liver host cells were used to quantify viral deactivation by a
standard tissue culture infectious dose (TCID50) endpoint assay.
CCL 9.1 cells were cultured in cell growth medium (CGM)
containing NCTC 135 supplemented with 10% FBS. In preparation
for assays, 96-well plates were coated with ﬁbronectin by dispensing
100 μL of 2 μg/mL ﬁbronectin in HBSS into each well. Plates were
incubated for 1 h at 37 °C before aspirating away excess ﬁbronectin
solution. CCL 9.1 cells were then plated at a density of 2.2 × 104
cells/well for 24 h at 37 °C, 5% CO2 until conﬂuent.
For TCID50 testing, MHV-A59 virus was suspended in virus assay
medium (VAM) containing NCTC135 with 2% FBS at 2 × 103 PFU/
mL. Coated and uncoated mbPP and sbPP samples were cut to 1.5 ×
1.5 cm2 square swatches and placed on a Petri dish. Then, 10 droplets
of 2 μL of MHV-A59 virus stock were spotted onto each swatch. The
swatches were allowed to dry in the biosafety cabinet for 1 h before
eluting with VAM. For elution, hydrophilic samples (substrates
grafted with Compound QA1) were placed into a 5 μm centrifugal
ﬁlter unit with 500 μL of VAM, vortexed, and centrifuged at 2000 g
for 1 min at 4 °C. Hydrophobic samples (uncoated substrates and
substrates with physisorbed Compound QA2) were directly washed
with 500 μL of VAM. A 10-fold dilution series was made using each
eluted viral extract. To infect CCL 9.1 cells, the CGM media from
each well was replaced by 100 μL of each diluted viral extract
following the plate layout in Figure S3. For no-virus controls, sample
swatches were exposed to VAM only following the same protocol. For
positive controls, VAM with 1% Triton X-100 was added to CCL 9.1
cells. The plates were then placed in a 37 °C, 5% CO2 incubator for
40 h. Virus-induced cytopathic activity was evaluated as present (+)
or not present (−) by observing cell morphology under a microscope.
Each coating was characterized in triplicate. ID50 values, deﬁned as
the dilution of a virus required to infect 50% of test units inoculated,
was calculated from the assay using the Reed−Muench method.70
The virus titer in terms of infectious viral units per volume was
calculated as the inverse of the ID50 divided by the volume of the
viral inoculum (0.1 mL). It should be noted that this testing was not
performed for certiﬁcation purposes.
Human Coronavirus and Suid Herpesvirus Deactivation. Human
coronavirus 229E (HCoV 229E was propagated and titrated on
MRC-5 human lung ﬁbroblast cells. Suid herpesvirus 1 strain Aujeszky
(SuHV-1) was propagated and titrated on CCL-81 Vero cells.
Following previously published protocols,68 crude virus was clariﬁed
by centrifugation and stored at −80 °C until used.
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Coated and uncoated samples were cut into 1 × 1 cm2 swatches
using a sterilized blade. Each sample swatch was sterilized with about
20 μL of 70% ethanol. After 10 min, the samples were washed twice
by immersing each swatch in 30 mL of PBS (pH 7.2) for 30 min with
gentle horizontal rocking on. Each swatch was carefully placed into
one well of a 24-well plate and spotted with 10 droplets of 5 μL of
crude virus stock,71 prepared as described previously.68 Swatches were
incubated at room temperature in the biosafety cabinet for 2.5 h or
until dry. Each swatch was then gently washed with 200 μL of 20 mM
phosphate buﬀer at pH 7.0 with horizontal rocking for 30 min. The
wash buﬀer was collected from the well and titrated as described
below to assess the infectivity of virus removed by this wash step.
Each swatch was then placed in a 15 mL conical tube with 1.3 mL of
elution buﬀer containing completed media plus 1% bovine serum
albumin (BSA). The tube was vortexed for 1.5 min and then
centrifuged at 1500 rpm for 3 min in a ThermoScientiﬁc Sorvall
ST16R Centrifuge. The infectivity of the resulting supernatant,
denoted “eluant”, was measured with a cell viability assay using MTT.
Infectivity was measured by diluting wash and eluant solutions
taken from swatches 1:5 serially across a row in a 96-well plate. After
six days, MTT salt (2-(3,5-diphenyltetrazol-2-ium-2-yl)-4,5-dimethyl1,3 thiazole bromide) was added to each well for 4 h and then
solubilized with 10% sodium dodecyl sulfate at a pH of 2. The
absorbance of each well was read at a wavelength of 550 nm with a
BioTek Synergy Mx microplate reader to determine the 50%
infectious dose, reported as MTT50/mL.66 Final viral concentrations
were reported as the log reduction value (LRV) compared to viral
stocks unexposed to ﬁlter samples, deﬁned in eq 2:
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